The loss of the SOST gene product sclerostin leads to sclerosteosis characterized by high bone mass. In this report, we found that sclerostin could antagonize canonical Wnt signaling in human embryonic kidney A293T cells and mouse osteoblastic MC3T3 cells. This sclerostin-mediated antagonism could be reversed by overexpression of Wnt co-receptor low density lipoprotein receptor-related protein (LRP) 5. In addition, we found that sclerostin bound to LRP5 as well as LRP6 and identified the first two YWTD-EGF repeat domains of LRP5 as being responsible for the binding. Although these two repeat domains are required for transduction of canonical Wnt signals, canonical Wnt did not appear to compete with sclerostin for binding to LRP5. Examination of the expression of sclerostin and Wnt7b, an autocrine canonical Wnt, during primary calvarial osteoblast differentiation revealed that sclerostin is expressed at late stages of osteoblast differentiation coinciding with the expression of osteogenic marker osteocalcin and trailing after the expression of Wnt7b. Given the plethora of evidence indicating that canonical Wnt signaling stimulates osteogenesis, we believe that the high bone mass phenotype associated with the loss of sclerostin may be attributed, at least in part, to an increase in canonical Wnt signaling resulting from the reduction in sclerostinmediated Wnt antagonism.
The Wnt family of secretory glycoproteins is one of the major families of developmentally important signaling molecules and plays important roles in embryonic induction, generation of cell polarity, and specification of cell fate (1) (2) (3) . Both genetic and biochemical studies indicate that frizzled (Fz) and LRP5/6 1 are co-receptors for transduction of canonical Wnt signaling that eventually leads to the stabilization of ␤-catenin and regulation of gene transcription through transcription regulators including lymphoid enhancing factor (LEF)-1 and T-cell factors (TCF) (3) (4) (5) (6) (7) (8) . Wnt signaling is also regulated by a number of naturally occurring antagonists that include Dickkopf (Dkk) molecules. The first Dkk (Xenopus Dkk1) was initially discovered as a Wnt antagonist that plays an important role in head formation (9) . To date, four Dkk molecules have been identified in mammals (10, 11) . However, only the first two molecules (Dkk1 and Dkk2) have been well documented to function as antagonists of canonical Wnt signaling. Both DKK1 and DKK2 antagonize canonical Wnt signaling by simultaneously binding to LRP5/6 and a single transmembrane protein called Kremen (12) (13) (14) (15) . Work from our laboratory and others further demonstrated that the second Cys-rich domain (but not the first Cys-rich domain) of Dkk1 and Dkk2 inhibits canonical Wnt signaling (16, 17) .
A myriad of evidence demonstrates that an increase in LRP5/ 6-mediated canonical Wnt signaling leads to an increase in bone mass. Loss of function mutations in LRP5 are responsible for human osteoporosis-pseudoglioma syndrome, an autosomal recessive disorder (18) , whereas putative gain of function mutations, including the Gly 171 to Val substitution, are associated with human high bone mass (HBM) phenotypes (19 -21) . In addition, mice in which the LRP5 gene was inactivated by gene targeting showed phenotypes similar to those of osteoporosispseudoglioma syndrome patients (22) , and the transgenic expression of LRP5 G171V in mice resulted in HBM (23) . Moreover, mouse primary osteoblasts showed reduced responsiveness to Wnt and low proliferation indices in the absence of LRP5 (22) , and canonical Wnts (18) or activated ␤-catenin (24) stimulated the canonical Wnt signaling activity and induced production of an osteoblast marker, alkaline phosphatase (AP), in osteoblastlike cells. The finding that inactivation of the Wnt antagonist sFRP1 enhances trabecular bone accrual further supports the idea that canonical Wnt signaling enhances bone formation (25) . Recently, we reported that Dkk1 is expressed in differentiated osteoblast cells and osteocytes and that the G171V mutation in LRP5 may cause the HBM phenotype by attenuating the antagonistic effect of Dkk1 on canonical Wnt signaling (20, 26) .
A report by Itasaki et al. (27) described a new Wnt antagonist called WISE. WISE appears to be a context-dependent regulator of Wnt signaling; it may inhibit or stimulate Wnt signaling in different assays in Xenopus. WISE was also shown to bind to LRP6 and compete with Wnt8 for binding to LRP6 (27) . WISE shares 38% amino acid identity with sclerostin, the gene product of SOST. Loss of function mutations of SOST are responsible for an autosomal recessive sclerosing skeletal disorder (28, 29) . Previous studies showed that sclerostin is highly expressed in osteocytes and might act as a bone morphogenetic protein (BMP) antagonist (30 -32), but another study suggested that sclerostin might not be a functional BMP antagonist and spec-ulated that it might modulate Wnt signaling (32) . In this report, we now clearly demonstrate that sclerostin can bind to both LRP5 and LRP6 and act as a Wnt antagonist. Because sclerostin expression occurs after peak Wnt7b expression during osteogenic differentiation, we believe that the reduction in sclerostin-mediated antagonism of Wnt signaling contributes to the increases in bone mass associated with SOST.
MATERIALS AND METHODS
Cell Culture, Transfection, Preparation of CM, and Luciferase Assay-Human embryonic kidney (HEK) cell line A293T and mouse osteoblastic cell line MC3T3 were maintained and transfected as previously described (26, 33) . For luciferase assays, cells in 24-well plates were seeded at 5 ϫ 10 4 cells/well and transfected with 0.5 g DNA/well using Lipofectamine Plus (Invitrogen), as suggested by the manufacturer. The LacZ plasmid was usually used to make DNA concentrations equal for each transfection. Cell extracts were collected 24 h after transfection. Luciferase assays were performed as previously described (33, 34) . Luminescence intensity was normalized against fluorescence intensity of green fluorescent protein. For preparation of DKK1-APand sclerostin-AP-containing CM, HEK cells were seeded in 6 wellplates at 4 ϫ 10 5 cells/well and transfected with 1 g DNA/well. Conditioned media were collected 48 h after transfection.
Construction of Expression Plasmids and Mutagenesis-The wildtype and mutant forms of human LRP5, LRP6, mouse Wnt1, DKK1, sclerostin, and DKK2 were generated by PCR using the high fidelity thermostable DNA polymerase Pfu Ultra (Stratagene). Nucleotide sequences were verified by DNA sequencing. Hemagglutinin or FLAG epitope tags were introduced to the C termini of the full-length and mutant molecules. The expression of these molecules was driven by a cytomegalovirus promoter. The LEF-1 reporter gene constructs were kindly provided by Dr. R. Grosschedl (35) .
DKK1-AP and Sclerostin-AP Binding Assay-HEK cells in 24-well plates were transfected with LRP5 and its mutants. One day later, cells were washed with cold washing buffer (Hank's buffered salt solution containing bovine serum albumin and NaN 3 ) and incubated with mouse DKK1-AP or sclerostin-AP CM on ice for 2 h. Then, cells were washed three times with the washing buffer and lysed. The lysates were heated at 65°C for 10 min, and AP activity was determined using a Tropix luminescence AP assay kit. The immunoprecipitation assays were carried out essentially as previously described (36) .
Primary Calvarial Osteoblast Culture-Mouse calvarial osteoblast cultures from 5-day-old mice were generated as described previously (37) and induced to undergo osteogenic differentiation in the presence of 8 mM ␤-glycerophosphate and 50 g/ml ascorbic acid. Media were changed every 2 days.
Quantitative PCR Analysis-Total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. For quantitative PCR analysis, RNA was reverse-transcribed by the SuperScript TM First-Strand Synthesis System for reverse transcription-PCR (Invitrogen). Quantitative PCR was carried out using the QuantiTect TM SYBR Green PCR kit (Qiagen) on a DNA Engine OPTICON TM instrument (MJ Research Inc.). B-actin was used as an internal reference for each sample. Using a formula described previously (38) , the relative change in mRNA levels was normalized against the B-actin mRNA levels.
In Situ Hybridization-The full-length coding region of Wnt7b was used to synthesize antisense and sense probes. The probes were labeled with digoxigenin using an RNA Labeling Kit (Roche Applied Science). Sections of the tibia from a 3-week-old mouse were dewaxed, rehydrated, and fixed again with 4% paraformaldehyde. Then, the sections were treated with 2% glycine and proteinase K and acetylated using an acetic anhydride/Tris-EDTA acetate solution, followed by hybridization with a digoxigenin-labeled probe. The sections were washed twice with 50% formamide, 5ϫ SSC, and 5% SDS for 30 min at 70°C and once with 50% formamide, 2ϫ SSC for 30 min at 65°C, and then they were incubated with anti-digoxigenin-alkaline phosphatase antibody followed by nitro blue tetrazolium/4-bromo-5-chloro indolyl phosphate, which yields a purple-blue color. The sections were also counterstained with methyl green (nuclei) and orange G (cytoplasma).
RESULTS AND DISCUSSION
Because of the homology shared between WISE and sclerostin, we examined whether sclerostin would exert an effect on canonical Wnt signaling. The effect of CM containing mouse sclerostin on Wnt3a-induced activation of canonical Wnt signaling was determined using the LEF-1-based reporter gene assay in HEK cells. Sclerostin-containing CM showed marked inhibition of Wnt3a activity in a dose-dependent manner (Fig.  1A) . Because control CM started to show significant inhibition at 50 l, we did not test higher doses. To further confirm this effect of sclerostin, sclerostin and another canonical Wnt, Wnt1, were coexpressed in HEK cells, and sclerostin showed up to 60% inhibition of the activity of coexpressed Wnt-1 (Fig. 1B,  bars 2 and 4) . Interestingly, coexpression of LRP5 abolished the antagonistic effect of sclerostin on Wnt signaling, and a slight stimulation of Wnt1 signaling by sclerostin was even observed in the presence of coexpressed LRP5 (Fig. 1B, bars 6 and 8) . We
FIG. 1. Sclerostin antagonizes canonical Wnt signaling.
A, effects of sclerostin CM on Wnt3a CM. Wnt3a CM (25 l) was mixed with varying amounts of sclerostin CM (SCM) or control CM (CCM) and added to HEK cells transfected with the LEF-1 reporter gene. Six hours later, cells were lysed, and luciferase activity was determined. The activity in the absence of SCM is taken as 100%. Wnt3a CM increased reporter gene activity 5-fold. Expression of FLAG-tagged sclerostin was detected by an anti-FLAG antibody (inset). B and C, effects of coexpressed sclerostin on Wnt1 signaling in HEK (B) and MC3T3 (C) cells. Cells were transfected with cDNAs encoding Wnt1, sclerostin (Scl), wild-type LRP5 (Wt), or G171V LRP5 (GV) as indicated and the LEF-1 reporter gene and a green fluorescent protein expression plasmid. One day later, cells were lysed, and the green fluorescent protein levels and luciferase activities were determined and normalized against green fluorescent protein levels. also examined the effect of sclerostin on Wnt signaling in an osteoblastic cell line, MC3T3. Expression of sclerostin also showed up to 70% inhibition of Wnt-1 activated reporter gene activity in MC3T3 cells (Fig. 1C, bars 2 and 4) . Once again, expression of LRP5 reversed the inhibition (Fig. 1C, bars 6 and 8) . However, in MC3T3 cells, we did not observe any increase in Wnt1 activity when sclerostin and LRP5 were expressed with Wnt (Fig. 1C) . Nevertheless, all these results clearly demonstrated that sclerostin antagonizes canonical Wnt activity activated by canonical Wnts when LRP5 is expressed at endogenous levels.
To understand how sclerostin antagonizes canonical signaling, we examined whether sclerostin binds to LRP5/6 directly. The binding of sclerostin-AP fusion protein to cells expressing exogenous LRP5 or LRP6 were measured as we and others have previously done with Dkk1-AP (12, 26) . As shown in Fig.  2A , sclerostin-AP showed a LRP6 binding curve similar to that of Dkk1-AP, suggesting that sclerostin-AP has an affinity for LRP6 comparable with that of Dkk1-AP, which was previously determined to be sub-nanomolar (12) . The binding of sclerostin-AP and Dkk1-AP to LRP5-expressing cells revealed that sclerostin-AP and Dkk1-AP also have similar affinities for LRP5 (Fig. 2B) . To delineate which regions of LRP5 are responsible for the binding of sclerostin-AP, we measured the binding of sclerostin-AP to two LRP5 mutants that lack either the first or last two YWTD-EGF repeat domains. These mutants are designated as LRP5R12 or LRP5R34, respectively (Fig. 2E) . Whereas Dkk1-AP was capable of binding to both LRP5 mutants (Fig. 2D) , sclerostin-AP could only bind to LRP5R12, but not LRP5R34 (Fig. 2C) . Additionally, a LRP5 mutant containing Ala substitution for Asp 111 and Asp 418 showed a more marked reduction in binding to sclerostin-AP than a LRP5 mutant containing Ala substitution for either of these two residues (Fig. 2G) . Residues Asp 111 and Asp 418 are located at the centers of the wider openings of the barrel-like structures formed by the first and second YWTD-EGF repeat domains, respectively, and correspond to the Glu 721 residue of the third YWTD-EGF repeat domain that is required for Dkk binding (26) . This piece of data suggests that both of the first two YWTD-EGF repeat domains can bind to sclerostin.
We have previously shown that LRP5R12 is still able to transduce Wnt signaling (26) , suggesting that this LRP5 mutant may still retain the Wnt-binding sequences. To determine whether sclerostin and Wnt compete with each other for binding to LRP5R12, we measured the binding of sclerostin-AP to cells expressing LRP5R12 in the presence or absence of Wnt3A CM. The presence of Wnt3a did not affect the binding of sclerostin-AP to LRP5R12 at all (Fig. 3A) . In contrast, the presence of Dkk1 completely blocked the binding of sclerostin-AP to LRP5R12 (Fig. 3B) . In an attempt to further delineate sclerostin-binding sequences on LRP5, we have constructed two additional LRP5 mutants, which lack the second to fourth YWTD-EGF repeat domains and the first, third, and fourth YWTD-EGF repeat domains, respectively. However, these two LRP5 mutants did not bind to either sclerostin-AP or Dkk1-AP, nor did they transduce Wnt signaling (data not shown). These results suggest two possibilities: either both the first and second YWTD-EGF repeat domains are required for the binding of sclerostin to LRP5 or these LRP5 mutants were incorrectly folded.
Several LRP5 mutations in the first YWTD-EGF repeat domain have been found to be associated with HBM (19 -21) . We have previously characterized one of the mutations, G171V, and found that this mutation interfered with the interaction of LRP5 with its chaperon Mesd, resulting in poor transportation of LRP5 to cell surfaces (26) . Because this LRP5 mutant was still able to transduce signals intracellularly for autocrine Wnts (26), we had proposed a hypothesis to suggest that the mutation may increase Wnt signaling by retaining the LRP5 receptor inside the cells from extracellular antagonists such as Dkk1 because Dkk1 is highly expressed in osteocytes (26) . The finding of sclerostin as a new Wnt antagonist, which is known to be expressed in the bone and osteocytes, may provide alternative explanations for the effects of the G171V mutation, which is located in the first YWTD-EGF repeat domain and within the sclerostin-binding region. One such explanation may be that the G171V mutation directly interferes with the binding of LRP5 to sclerostin. To test this possibility, we measured and compared the binding of sclerostin-AP to LRP5G171V with that of Dkk1-AP. As we have previously shown, cells expressing LRP5GV have a 5-fold lower apparent binding to Dkk-AP than cells expressing wild-type LRP5 (Fig. 3C) due to the interference of the chaperon's function by the mutation (26) . Similarly, cells expressing LRP5GV also showed reduction in the binding of sclerostin-AP to the same degree (Fig. 3B) . Because the G171V mutation does not directly interfere with the interaction between LRP5 and Dkk1, it is also unlikely that the mutation interferes with the interaction between LRP5 and sclerostin. The observation that LRP5GV could still reverse sclerostin-mediated inhibition of Wnt activity in the same dose range as the wild-type LRP5 (Fig. 1, B and C) provides further support for the idea.
Sclerostin has been previously shown to be primarily expressed in osteocytes (30, 32) . We examined sclerostin expression in relation to Wnt7b expression during primary calvarial osteoblast differentiation. We previously identified Wnt7b, a canonical Wnt that can stabilize ␤-catenin, as the only Wnt that showed drastic changes in its expression levels during primary bone marrow osteoblast differentiation (26) . Similarly, the expression levels of Wnt7b showed drastic changes during calvarial osteoblast differentiation; the expression of Wnt7b peaked at day 8 and then receded to lower levels, preceding the expression of osteogenic marker osteocalcin and another Wnt antagonist, Dkk1 (Fig. 4A) . In situ hybridization further confirms the conclusion on Wnt7b expression in that Wnt7b mRNA was detected primarily in early undifferentiated osteoblasts in a mouse long bone (Fig. 4B) . The expression of sclerostin showed a similar time course to that of osteocalcin and only occurred at late stages of differentiation, presumably when osteocytes are forming in the mineralized matrix (Fig. 4A ). This pattern of sclerostin expression is consistent with previous in vivo observations that sclerostin is expressed in osteocytes buried in the bone matrix and may play a role in mechanical loading (30, 32) . On the basis of the expression patterns of sclerostin and Wnt7b, we postulate that sclerostin contributes to the G171V-associated HBM phenotype, even though sclerostin may not directly interfere with Wnt binding, and the mutation does not affect sclerostin binding to LRP5. As suggested by our hypothesis that the G171V mutation may hide the receptor from paracrine antagonists without diminishing the signaling ability of the mutant receptor for autocrine Wnt, sclerostin, which is only produced by well-differentiated osteoblasts or osteocytes, would be one of such paracrine antagonists that conceivably has less access to LRP5G171V than the wildtype LRP5. Thus, we amend our original hypothesis to suggest that the G171V mutation may increase Wnt activity by attenuating the antagonism of canonical Wnt signaling not only by Dkk1 but also by sclerostin and potentially other paracrine Wnt antagonists present in the bone.
In previous studies, sclerostin was shown to act as a BMP antagonist (30 -32) . It is convincing that sclerostin has a reasonably high affinity for BMP6 and BMP7 (30, 31) . However, the biological effects of sclerostin on BMP were merely determined by measuring BMP-induced AP activity 3-6 days after ligand addition in osteoblastic cells (30, 31) . This AP activity readout is not specific for BMP activity. In fact, canonical Wnts can also stimulate AP activity in these types of cells (18, 24) . In contrast, our Wnt reporter gene assay is specific for canonical Wnt and cannot be activated by BMP in HEK cells (data not shown). In addition, in the assay using CM, we measured the effect of sclerostin in 6 h (Fig. 1A) . Given the recent observations that sclerostin failed to inhibit early responses elicited by BMP (32), we believe that it is more likely that sclerostin is biologically a canonical Wnt antagonist and that its effects on bone mass are probably primarily attributed to its antagonistic effect on canonical Wnt signaling. While this work was under review, a report by Winkle et al. showed that sclerostin inhibited Wnt3a-induced effects in C3H10T1/2 (39). This is consistent with our finding.
As shown in Fig. 2 , sclerostin binds to the first two YWTD-EGF repeat domains of LRP5, which are also required for transduction of Wnt signals. However, our evidence suggests that the antagonistic effect of sclerostin is unlikely to be due to direct competition with Wnt for LRP binding because 1) Wnt3a failed to inhibit the binding of sclerostin-AP to LRP5 and 2) LRP5 could reverse the inhibitory effect of sclerostin on canonical Wnt signaling. The latter observation is reminiscent of the effect of Dkk1 on Wnt signaling because Dkk1 suppression of Wnt signaling can also be reversed by exogenous expression of LRP5/6 (12). LRP5/6 molecules reverse the effects of Dkk because Dkk-mediated antagonism requires another protein, Kremen (15) . When Kremen is coexpressed with LRP5/6, Dkkmediated inhibition could be restored (15, 26) . Although Kremen had no effect on sclerostin-mediated antagonism (data not shown), we suspect that a similar mechanism may be used by sclerostin to inhibit Wnt signaling. In other words, there may be accessory proteins such as Kremen that may be required for sclerostin to function efficiently as an antagonist. Recently, noggin has been shown to directly interact with sclerostin and prevent noggin from inhibiting BMP signaling (40) . It seems reasonable to suggest that the noggin, once bound to sclerostin, might inhibit the capacity of sclerostin to modulate Wnt signaling. In addition, the observation that sclerostin showed slight stimulation of LEF-1 reporter gene activity in the presence of exogenous LRP5 or LRP5GV, which is consistent in principle with the previous report (27) , suggests that sclerostin may be a partial agonist under a certain circumstance even in mammalian systems. Further work is required to better understand the mechanism by which sclerostin regulates canonical Wnt signaling. A, primary calvarial osteoblast cultures were established from 5-dayold mice. Differentiation inducers were added on day 5. Relative expression levels of Wnt7b, sclerostin (Scl), osteocalcin (OC), and Dkk1 were determined by quantitative reverse transcription-PCR as described under "Materials and Methods." B, expression of Wnt7b in a mouse long bone was examined using in situ hybridization. Wnt7b (dark blue staining) is primary detected in osteoblasts. Nuclei are counterstained in green.
